ABSTRACT
RESUMO

O composto de ácido 5-aminolevulínico (ALA) é um precursor chave na biossíntese de porfirinas, tais como clorofilae porfirinas, e verificou-se induzir elevações temporárias na taxa de fotossíntese e APX. Além disso, ele tem vários efeitos fisiológicos sobre os vegetais. Após o tratamento, Ala (50mg L
-
INTRODUCTION
Strawberry (Fragaria × ananassa D.) is a dietary source of ascorbic acid, flavonoids, and anthocyanins. Consumers are attracted to the aroma and bright red color of strawberry fruits; however, strawberry fruit is susceptible to mechanical injury, water loss, and decay. Therefore, many strategies have been developed to keep strawberries fresh for a longer storage period while preserving the fruit's desired texture and flavor. For example, strategies have included UV-C and high-intensity pulsed electric fields, high carbon dioxide, nitric oxide, 1-methylcyclopropene, low temperature treatments, etc. (ZHU et al., 2010) . These methods delay senescence by reducing the levels of reactive oxygen species (ROS), inhibiting respiration (WANG et al., 2014) , and increasing the production of oxygen Ciência Rural, v.46, n.12, dez, 2016. radical scavengers such as SOD, peroxidases (POD) and APX (ZHU et al., 2010) .
ALA is a key precursor in the biosynthesis of heme, which is a prosthetic group of hemoproteins, including cytoglobins, cytochrome, POD, SOD, and catalase (CAT) (HOODA et al., 2015) . The C 14 labelled-ALA was incorporated into the POD molecule in peas treated over a 16h incubation period (NISHIHARA et al., 2003) . Exogenously applied ALA increases the activities of enzymatic antioxidants, such as SOD, POD and CAT, under water stress (KOSAR et al., 2015) . ALA also provides significant protection against cold stress in germinating seeds, and increases low-light irradiation tolerance of water melon seedlings (FU et al., 2014) .
Exogenously applied ALA showed to improve fruits qualitiy. ALA increases the percentage of dry matter and sugar and citric acid contents of strawberry fruit (IWAI et al., 2004) . Exogenous ALA promoted fruit coloration of apple when sprayed 20 days before harvest (WANG et al., 2004) . However, until now, the effect of ALA on postharvest strawberry physiology has not been reported. Based on these arguments, we are proceeding with the working hypothesis that preharvest applications of ALA could delay senescence and improve the qualities of strawberry fruit. This study assesses the effect of ALA on the physiological index of strawberry fruit during storage, and provides evidence that low concentrations of exogenous ALA can delay senescence and improve the fruit qualities of strawberry fruit during cold storage.
MATERIALS AND METHODS
Fruit and treatments
Strawberries (Fragaria × ananassa Duch.cv.Sweet Charlie) were grown in unheated greenhouses in a commercial farm located in Nanjing (Jiangsu, China). White stage strawberry fruit was sprayed with water (control) or ALAs at different concentrations (50mg L -1 , 100mg L -1 , or 150mg L -1 ) according to the report of MEMON et al. (2009) , harvested when the 1/3 fruit turned red, and transported to storage rooms at Nanjing Agricultural University. Damaged, shriveled, or unripe fruit was discarded. Control and ALA-treated fruit was randomly divided into five groups based on size and color and stored in polypropylene boxes (80cm×60cm×30cm; 80-90% relative humidity) for 0, 2, 4, 6, or 8 days at 4°C. Each box, which contained 30 fruit, was considered an experimental unit. Fruit was frozen in liquid nitrogen and stored at -80°C for physiological and biochemical analyses.
Decay analysis
Fruit decay was visually evaluated in 30 fruit from each treatment. Based on the decay level, the fruit was classified as 0 = normal (no decay on fruit surface); 1 = trace (5% of fruit surface was decayed); 2 = slight (5-20% of fruit surface was decayed); 3 = moderate (20-50% of fruit surface was decayed); or 4 = severe (>50% of fruit surface was decayed).
A decay index was calculated by
Where N represents the total number of fruit and N1, N2, N3, and N4 represent the number of fruit with different decay levels (i.e., 1-4).
Measurement of respiration rate
CO 2 analyses were performed using an infrared carbon dioxide analyzer (Telaire-700, Spectrum TM Technologies Inc, City, State, USA). Thirty strawberry fruits were enclosed in a 9.46-L glass container. The CO 2 concentrations in the container were determined after 30min. Respiration rate was expressed as nM CO 2 g
Detecting O 2 -production rate, H 2 O 2 concentration, and MDA content O 2 -production rate (O 2 -) was determined at 530 nm by the method reported by WANG et al. (2000) . O 2 -production rate was expressed as nmol g -1 min -1 . Concentration of hydrogen peroxide (H 2 O 2 ) was analyzed by the method reported by Wang et al. (2000) . Concentration of H 2 O 2 was expressed as μmol g -1 . Anthocyanins and other compounds in strawberry fruit absorb at 532nm. To increase the accuracy of the 2-thiobarbituric acid-malondialdehyde (TBA-MDA) method, the absorbance measurement at 532nm of a sample containing strawberry fruit but no TBA was subtracted from the absorbance measurement at 532nm of an identical sample containing TBA. The MDA content was determined according to the method reported by HODGES et al. (1999) . Concentration of MDA was expressed as nmol g -1 .
Detection of SOD and APX activity Strawberry fruit (2g) was ground in a cold mortar and pestle until no fibrous residue could be seen, homogenized in 10ml of 50mM sodium phosphate buffer (pH 7.8 for SOD extraction or pH 7.0 for APX extraction) containing 1% polyvinylpolypyrrolidone and 1mM EDTA, and centrifuged at 12,000 x g for 15min at 4°C. Supernatant, containing crude enzymes, was used to determine SOD and APX activities.
The SOD activity was measured by the method reported by BEYER & FRIDOVICH (1987) . One unit of SOD activity was defined as the amount of enzyme that produced 50% inhibition of nitroblue tetrazolium reduction under the assay conditions. The assay was performed at 20°C. Activity of SOD was expressed as U g -1 . APX activity was determined by assessing the rate of ascorbate oxidation at 290nm for 3min. The assay was performed at 20°C. APX activity was expressed as A290 g -1 min -1 .
Determination of TSS, TA, and anthocyanin content In this experiment, 10 fruit from each experimental unit was wrapped in cheese cloth and hand-squeezed. The resulting strawberry fruit juice was analyzed for TSS and TA (WANG et al., 2002) . Total anthocyanin content of strawberry fruit extract was determined using the method reported by MEYERS et al. (2003) . Total anthocyanin concentrations were expressed as cyanidin 3-glucoside per fruit weight. The anthocyanin concentration was expressed as mg 100g -1 .
Statistical analyses
Three independent replicates (n=3) were prepared per control and ALA treatment. Data were analyzed by one-way ANOVA using SPSS 16.0 software. P<0.05 as significant according to Tukey's multiple range test.
RESULTS
Efficacy of ALA on the decay index of strawberry fruit
Strawberry fruit began to decay after 2 days of storage. Pre-harvest application of ALA significantly reduced (P<0.05; Figure 1A ) the incidence of mold decay in strawberry fruit from 2 days storage at 4°C. Decay index of the 150mg L -1 ALA treatments (3.5%) were 50% lower than the control (7.5%) at 2 days storage at 4°C. The decay index of the 150mg L -1 ALA treatments (18.5%) was 44% lower than the control (33.7%) at day 8.
Detecting respiration rate
The respiration rate of strawberry fruit was measured during 8 days of storage ( Figure 1B) . ALA treatments could inhibit the respiration of strawberry fruit. Compared to the control fruit, the ALA-treated fruit had lower respiration rate throughout storage.
From the 6 day of storage, the respiration rate was significantly reduced in ALA-treated fruit than control (P<0.05). The O 2 -production rate of strawberry fruit was 0.052nmol g -1 min -1 at harvest. The control strawberry fruit had the highest O 2 -production rate (0.223nmol g -1 min -1 ) after 6 days of storage. The O 2 -production rate of strawberry fruit in all ALA treatments increased throughout storage. The O 2 -production rate of ALA-treated fruit was lower than that of control fruit during storage ( Figure 1C) ; however, the difference was not significant between treatment and control.
The H 2 O 2 content exhibited a similar trend to the O 2 -production rate in ALA-treated fruit. At harvest, H 2 O 2 content was higher in ALAtreated fruit than in control fruit. H 2 O 2 content in control fruit was higher than ALA-treated fruit after 4 days of storage, and it was 23.13% higher than the 150mg L -1 . The ALA-treated fruit after 8 days of storage, the difference was significant (P<0.05) ( Figure 1D ).
Lipid peroxidation was assessed by measuring MDA content ( Figure 1E ). MDA content in all strawberry fruit increased during storage. Compared to the ALA-treated fruit, the control fruit had higher MDA content. MDA content in fruit treated with ALA was significantly lower (P<0.05) than that in control fruit after 4 days of storage. At the end of storage, MDA content in ALA-treated fruit (50mg L -1
) was 15.4%, 21.7%, and 17.1% lower than that in control fruit (9.9nmol g -1 ), respectively.
Quantification of SOD and APX activity
SOD activity in strawberry fruit reached maximum levels on day 2 of storage and subsequently decreased. SOD activity in ALA-treated fruit was higher than that in control fruit after 2 days of storage. SOD activity in the 150mg L -1 ALA-treated fruit (104.67U g -1 FW) was significantly higher than in control fruit (100.1U g -1 FW) after 6 days of storage (P<0.05; Figure 1F ).
APX activity increased in all fruit during storage. APX activity of control fruit was 25% lower than those in 150mg/L ALA-treated fruit. APX activity of ALA-treated fruit was consistently higher Ciência Rural, v.46, n.12, dez, 2016. than that of control fruit throughout storage; however, there were no significant differences in enzymatic activity among ALA treatments ( Figure 1G ).
Effect of ALA on fruit TSS, TA, and anthocyanin content
The TSS (Figure 2A ) and TA ( Figure 2B ) were assessed in strawberry fruit during storage at 4°C. The TSS and TA were higher in ALA-treated fruit than in control fruit. A slight increase in TSS was obtained in all ALA treatments from day 2 to day 6, followed by a sharp reduction in TSS from day 6 to day 8. TSS was significantly higher in ALAtreated fruit than in control at the end of storage period (P<0.05). TA decreased from day 2 of storage. There were no significant differences among the ALA treatments after day 2 of storage; however, ALAtreated fruit had higher TA than control fruit.
At harvest, strawberry fruit had approximately 28mg 100g -1 of anthocyanin ( Figure  1H ). Anthocyanin content was significantly affected by ALA treatment. The highest anthocyanin content (48.8mg 100g -1 ) was obtained with 150mg L -1 ALA, followed by 100mg L -1 and 50mg L -1 ALA (43.5mg 100g -1 and 40.1mg 100g -1 , respectively). After 2 days of storage, the anthocyanin content of the 150mg L -1 , 100mg L -1 , and 50mg L -1 ALA treatments were 26.5%, 37.1%, and 53.9% higher (P<0.05), respectively, than the control. At 6 days of storage, there were no significant differences between ALA-treated fruit and control fruit. At 8 days of storage, control fruit had significantly higher anthocyanin content (20.39% higher) than 50mg L -1 ALA-treated fruit (P<0.05).
DISCUSSION
Strawberry fruit is highly perishable and susceptible to physiological deterioration and fungal decay. Gray mold, wide spread in the environment, is the most serious disease causing strawberry fruit rot (ZAVALA et al., 2004) . In this study, pre-harvest applications of ALA resulted in a decrease of the decay index of strawberry fruit during storage, confirming the fact that ALA can suppress microfungi development (LUKSIENE et al., 2007) . So, probably this is the first report that ALA reduces the decay index of fruit, and our findings have shown that pre harvest applications of ALA are a viable good strategy for the prevention of postharvest decay in strawberry fruit.
Reducing initial respiration rate is critical for extending shelf-life (LEE et al., 2003) . Specifically, lower respiration rate is beneficial for decreasing ROS levels during storage. Previous studies have reported that ALA in low concentrations decreases respiratory peak time of tomato fruit during cold storage (WANG et al., 2008) . In this study, the respiration rate of ALAtreated fruit was lower than control fruit throughout storage. ALA induced suppression of respiration in strawberry fruit might be related to the fact that ALA promotes synthesis of the heme prosthetic group of respiration cytochromes.
High ROS levels induced lipid peroxidation, which damages membranes and results in cell senescence. To reduce ROS levels, plants have enzymatic and non-enzymatic defense mechanisms. Antioxidant enzymes such as SOD and APX scavenge ROS and delay senescence (ROGERS, 2012) . In our study, fruit treated with ALA had a significantly lower O 2 -production rate and H 2 O 2 content compared to control fruit. ALA increased SOD and APX activity throughout storage. These results suggested that there is a close relationship between ALA and antioxidant enzyme activities. The ALA is a precursor of heme, which is a prosthetic group of several antioxidant enzymes. Therefore, ALA might enhance the activities of heme-containing antioxidant enzymes (HOODA et al., 2015) .
ALA has been shown to improve apple quality and increase apple soluble sold content (GUO et al., 2013) . In our study, pre-harvest applications of ALA improved the qualities of strawberry fruit during storage. Compared to control fruit, ALAtreated fruits had higher TSS and TA than control fruit during storage. Anthocyanins are considered the markers of most fruit ripening. In our study, anthocyanin accumulation of ALA-treated fruits significantly increased compared to the control fruit at initial stage of storage; however, anthocyanin accumulation rapidly increased at the later stage of storage, and the anthoyanin content of the control was significantly higher than ALA-treated fruit. ALA is a precursor in the biosynthesis of phytochromobilin, which is a phytochrome chromophore, ALA may have an effect on the content of phytochromobilin, such that a phytochrome pathway might mediate anthocyanin accumulation in fruit treated with ALA during the initial storage.
CONCLUSION
In this study, we explored the effects of ALA on the physiological and biochemical characteristics of the 'Sweet Charlie' strawberry fruit. We found that these treatments delayed senescence and improved the qualities of strawberry fruit. Among all treatments, 150mg L -1 ALA applied at the white stage was the most effective. Our results supported the preharvest application of ALA as a beneficial strategy for preventing postharvest decay of strawberry fruit and extending the shelf life.
